Morphogens of the WNT family have crucial functions during the development of all metazoan organisms by providing positional information to cells in the embryo or during metamorphosis in insects 1 . However, misregulation of the WNT pathway in humans is linked to conditions such as Alzheimer's disease, Huntington's disease, schizophrenia and bipolar disorder [2] [3] [4] [5] [6] , which suggests that members of this family have a role in postmitotic neurons. Indeed, studies of the nervous system have uncovered roles for WNTs in axon pathfinding, dendritic development, synaptogenesis, synapse maturation and plasticity 7, 8 . Particularly intriguing are a series of recent studies that implicate WNTs in the development of neuromuscular junctions (NMJs) across species ranging from worms to mammals 7, 9 . These studies are unravelling a role for WNTs in neurotransmitter receptor clustering and the organization of presynaptic and postsynaptic specializations. Here we review recent progress in understanding the mechanisms by which WNTs regulate NMJ development and function.
receptor tyrosine kinase) subfamily of receptor tyrosine kinases -and ROR2 (receptor tyrosine kinase-like orphan receptor 2). This complexity of WNT signalling is further heightened by the activation of at least five different WNT transduction pathways, which trigger various cellular processes 7, 10 (BOX 1).
The first hint that WNTs function in synapse development emerged from studies of the developing cerebellum, which suggested that WNT7a operated in a retrograde manner to enhance presynaptic differentiation 8, 11 . A similar retrograde role for WNT3, involving the divergent canonical pathway was also demonstrated in sensory neurons and motor neurons 12 . WNT7b has also been involved in dendrite development in the hippocampus, probably through the activation of canonical and non-canonical WNT pathways 8, 13 . Recent studies have extended WNT function to the development of the NMJ in both vertebrate and invertebrate organisms.
WNT signalling at the vertebrate NMJ Organization of postsynaptic receptor clusters. The vertebrate NMJ is composed of the motor axon terminal, which sits in a shallow trough at the muscle surface and is capped by terminal Schwann cells that cover the entire NMJ. The motor axon releases acetylcholine (ACh), the primary excitatory transmitter at these junctions. In the mature NMJ, the postsynaptic membrane forms junctional folds, which organize the postsynaptic apparatus. ACh receptors (AChRs) aggregate at the top of these folds in direct apposition to presynaptic active zones, which are the sites of neurotransmitter release 14 . The organization of AChR at the junctional folds involves positive and negative signals that lead to the clustering of AChRs at the endplate, and the dispersal of aneural AChR clusters, as well as an increased expression of AChRs by synaptic myonuclei and the suppression of AChR expression by extra-synaptic myonuclei 15 . AChR clustering requires the transmembrane MUSK (muscle, skeletal, receptor tyrosine kinase), and the secreted heparan-sulphate proteoglycan Agrin, which activates tyrosine phosphorylation of MUSK. MUSK controls AChR clustering through Rapsyn, a protein that binds, clusters and anchors AChRs 16 . ACh also functions to disperse AChR clusters, a role counteracted by the release of nerve-derived Agrin 14 . This mechanism seems to ensure proper apposition between the presynaptic and postsynaptic apparatus, as well as monosynaptic innervation of each muscle. Indeed, in mutant mice that lack the ACh synthetic enzyme choline acetyltransferase, NMJs had abnormal branching patterns and excessively broad endplate bands, and muscles were often innervated by more than one NMJ 17 . The small GTPases RAC and RHO are also sequentially activated by Agrin, and this induces the formation of AChR microclusters and their coalescence into full-sized clusters 18, 19 . Initial hypotheses posed that nerve-derived Agrin, through MUSK, triggered AChR clustering. However, it was subsequently found that before innervation, AChR clusters were already present at presumptive endplates in a MUSK-dependent manner 20, 21 . Therefore the formation of these aneural or pre-patterned AChR clusters is independent of Agrin 22, 23 . However the maintenance and further growth of the clusters require Agrin, which suggests that Agrin serves a stabilizing function rather than an AChR cluster-inducing function 14, 24 . 75, 76 , and the related Drosophila melanogaster protein Futsch 59 . Inhibition of GSK3β upon activation of the WNT divergent canonical pathway (see part b of the figure), thus enhances microtubule stability.
Role of WNTs in

Planar cell polarity pathway
In this pathway (see part c of the figure), DVL activation turns on the small GTPases RHOA or RAC1 and the JUN N-terminal kinase (JNK) to regulate actin and microtubule cytoskeletons.
WNT calcium pathway
This is a fourth signalling pathway (see part d of the figure) in which DVL activation induces an elevation in the levels of intracellular Ca 2+ and activation of protein kinase C (PKC) and calcium/ calmodulin-dependent protein kinase II (CaMKII). This results in the nuclear import of the transcription factor nuclear-factor of activated T cells (NFAT), which regulates gene expression.
Frizzled nuclear import pathway
An alternative transduction pathway (see part e of the figure) in which WNT receptors themselves are internalized, cleaved and imported into the nucleus 7, 77 . Trafficking of the Frizzled-2 receptor towards the nucleus depends on its binding partner GRIP (7-PDZ-domain glutamate-receptor binding protein). This mechanism has been substantiated at the Drosophila melanogaster neuromuscular junction 60 , as well as during the development of cortical neurons in mammals 78 . mouse WNT3 and zebrafish Wnt11r are positive regulators of AChR clustering 28, 29 .
It is important to note that although several studies suggest that WNTs are secreted by the presynaptic or the postsynaptic cell, WNTs that influence synapse development might also be released by other cell types (for example, by glial cells 30 or, in the case of Wnt11r, probably by somites 29 ). Furthermore, autocrine regulation of WNT signalling by WNT-expressing cells has also been reported 31 and suggested at the Drosophila melanogaster NMJ 7 . Support for a positive role for WNT3 during AChR clustering emerged from the finding that exposing embryonic chick wings or cultured mouse myotubes to WNT3, resulted in an increase in the number and size of Agrindependent AChR clusters 28 . Moreover, in Dvl1 mutant mice AChR clusters had a more disperse distribution at the endplate 28 . Whereas SFRP1 (secreted Frizzled-related protein 1) blocked the effects of WNT3, DKK1 (dickkopf homolog 1) did not, suggesting the involvement of non-canonical signalling (see BOX1). WNT3 induced a rapid activation of RAC1 and the accumulation of transient AChR microclusters (FIG. 1a) , which were transformed into full-sized clusters when Agrin was present 28 (FIG. 1b) . Thus, WNT3-dependent microclusters might be stabilized by Agrin and serve as nucleating centres for the formation of full-size AChR clusters 28 . Interestingly, recent studies of zebrafish show that Dvl is required for aneural AChR cluster formation (FIG. 1a) , and that in the absence of aneural AChR clusters motor axon pathfinding is disrupted 29 . Analysis of zebrafish injected with Wnt11r morpholinos showed that Wnt11r was required for AChR pre-patterning and for normal navigation of presynaptic terminals, involving a pathway similar to the planar cell polarity pathway.
Inhibitory roles of WNTs at the NMJ were supported by the finding that WNT3a inhibited Agrin-dependent AChR cluster formation and induced the dispersal of already formed clusters in cultured myotubes and in vivo, through Rapsyn gene repression 27 (FIG. 1c) . Furthermore, Rapsyn overexpression prevented WNT3a-dependent cluster dispersal in cultured myoblasts 27 . This inhibitory effect of WNT3a is consistent with studies showing that inhibition of GSK3β (glycogen synthase kinase 3β) in muscle reduces AChR clustering 28 . Moreover, expressing β-catenin (also known as cadherin-associated protein-β) in limb muscles of mice in vivo inhibited Agrin-dependent AChR cluster formation 27 , and, conversely, mutant mice lacking β-catenin in muscle showed an increase in the size of AChR clusters 32, 33 . However, there is some disparity on the evidence implicating β-catenin in AChR cluster formation, as it has also been reported that downregulating β-catenin in cultured myotubes inhibits Agrin-dependent AChR clusters 34 . Rapsyn gene expression was shown to be reduced upon β-catenin upregulation 27 . The inhibitory function of WNT3a is likely to be mediated through canonical WNT signalling, as β-catenin was involved, and as DKK1 opposed the effects of WNT3a 27 . However, T cell factor (TCF)-mediated transcription does not seem to be required, as mutating TCF motifs in the Rapsyn promoter region had no effect on Rapsyn levels, and expressing a TCF dominant-negative in myotubes did not alter Agrin-dependent AChR cluster formation 27 . Notably, there are also NF-κb (nuclear factor-κb) binding sites and an e-box in the Rapsyn promoter 35, 36 , implying the possibility of Rapsyn gene regulation by β-catenin through these sites. Thus, WNTs can serve both synaptogenic and anti-synaptogenic functions. This antagonistic role for WNTs might serve to refine synaptic architecture, and might also have a role during synapse elimination 37 . Intriguingly, Zhang et al. 34 found that β-catenin interacted directly with Rapsyn and surface AChRs, and that Agrin enhanced the association between β-catenin and surface AChRs 34 (FIG. 1b) . α-Catenin was also present in the complex, probably through association with β-catenin, which suggests that β-catenin could serve as a link between AChRs and the α-cateninassociated cytoskeleton.
A retrograde signalling pathway downstream of β-catenin at the NMJ was suggested by the finding that mutants lacking β-catenin in muscle had abnormal presynaptic differentiation 32 (FIG. 1c) . These mutants also had a reduction in evoked release, defects in short-term plasticity, as well as calcium sensitivity 32 . Interestingly, SFRPs are present in muscles, localize to the NMJ and are upregulated upon denervation 38 , which raises the possibility that WNT signalling might mediate these β-catenin-dependent processes 32 . Important additional evidence for the interaction between WNT signalling and AChR clustering was provided by the finding that LRP4 (low density lipoprotein receptor-related protein 4) interacts with MUSK and binds Agrin (FIG. 1a,b) . Although a wealth of evidence had indicated that MUSK was an Agrin receptor, no evidence for a direct interaction had been forthcoming, which suggests the presence of a co-receptor 39 . Initial clues as to the identity of the Agrin co-receptor were provided by the finding that Lrp4 mutant mice lacked AChR clusters, had aberrant presynaptic branching and a reduction in presynaptic sites 40 -a phenotype remarkably similar to that of Musk mutants 41 . Two recent studies 42, 43 have supported the view that LRP4 is the long-sought Agrin co-receptor. The extracellular domain of LRP4 binds to neural Agrin and forms a complex with MUSK, which was shown to be required for MUSK activation by Agrin and for AChR clustering in myotubes 42 . LRP4 co-localizes with MUSK at the NMJ and in cultured muscle cells 40, 42, 43 . It was found that LRP4 interacted directly with both Agrin and MUSK, and that the interaction between LRP4 and MUSK was enhanced by Agrin 42, 43 . Although LRP4 alone could bind Agrin, the MUSK-LRP4 complex had higher binding affinity at high Agrin concentrations, such as those predicted in the synaptic cleft 42, 43 .Whereas Zhang et al. 43 showed tyrosine phosphorylation of the intracellular domain of LRP4 in Agrin stimulated muscle cells, Kim et al. 42 could not detect tyrosine phosphorylation of LRP4. Notably, Lrp4 mutant 43 mice, similar to MUSK mutants but unlike Agrin mutants, also lacked aneural AChR clusters, suggesting an Agrin-independent, and perhaps WNTdependent pathway for aneural AChR cluster formation 22 (FIG. 1a) . This idea has been supported by recent studies in zebrafish, demonstrating that Wnt11r and Dvl are required for AChR pre-patterning 29 (see ReF. 44 for a summary of the role of WNTs in AChR pre-patterning at the NMJ).
The earlier studies of WNT signalling at the NMJ also demonstrated that APC (adenomatous polyposis coli) is localized at the NMJ and binds directly to the β-subunit of AChRs 45 (FIG. 1b) . APC, beyond its role in antagonizing the canonical WNT pathway, organizes and stabilizes the microtubule cytoskeleton in epithelial cells by binding the microtubule plus-end binding protein eb1 (ReFs 46, 47) . At the NMJ APC is required for Agrin-dependent nicotinic AChR clustering 45 . APC also bound to postsynaptic density 93 (PSD93), β-catenin and eb1 to regulate neuronal AChR surface levels and clusters 48, 49 (FIG. 1b) . Thus, at the vertebrate NMJ, WNTs are intimately involved in the signalling mechanisms that specify the localization of innervation and the cellular machinery that induces AChR clustering. Nature Reviews | Neuroscience 54, 55 . A hallmark of this system is the continuous formation of new synaptic boutons to compensate for the striking increase in muscle size during larval development and to maintain excitation-contraction efficacy. The bone morphogenic protein (bMP) pathway, which initiates a retrograde signal by which muscles influence presynaptic growth, has emerged to be key for presynaptic and postsynaptic communication 56 . In addition, WNTs function both in an anterograde and probably an autocrine fashion in motor neurons to regulate the presynaptic and postsynaptic apparatus. Although initial establishment of connectivity at the larval NMJ is mainly independent of electrical activity, the expansion of the NMJ during muscle growth is strongly influenced by synaptic activity, which has made this preparation an excellent model system to study synaptic plasticity. growth, led to a decrease in synaptic bouton number and to changes in bouton morphology, that were rescued by restoring Wingless in the motor neurons 57 . by contrast, increasing the levels of Wingless in motor neurons led to synaptic bouton overgrowth. In wg ts mutants, presynaptic boutons had abnormal postsynaptic Discs large (DLG), a PSD95 family member, and GluR localization. Most strikingly, a subset of boutons ('ghost boutons') were filled with synaptic vesicles, but were devoid of active zones, postsynaptic specializations and mitochondria, which suggests that Wingless has central roles during synapse differentiation 57, 58 . The mutants also had disruptions in the presynaptic microtubule cytoskeleton, as demonstrated by examining the microtubule-associated protein 1b (MAP1b)-related protein Futsch, which has been shown to be phosphorylated by GSK3β 59 . Interfering with Frizzled-2 function in the muscle alone resulted in similar synaptic growth and morphology defects 57 , suggesting that Wingless activates both anterograde and retrograde signalling (FIG. 2) .
Regulation of
The search for the transduction cascade activated by Wingless at the D. melanogaster NMJ led to the finding of a previously unrecognized alternative WNT pathway in larval muscles, the Frizzled nuclear import pathway 60 FIG. 2) , in which a fragment of the Frizzled-2 receptor itself is cleaved and imported into the nucleus. The importance of Frizzled-2 cleavage was demonstrated by Frizzled-2 mutant rescue experiments, which showed that although expressing a full-length Frizzled-2 transgene in muscles rescued the defects in bouton number, expressing a transgene lacking the cleavage site did not. Notably, expressing the Frizzled-2C fragment did not bypass the requirement for Wingless signalling, raising the possibility that Frizzled-2C is modified in a Wingless-dependent fashion before nuclear import 60 . The Frizzled nuclear import pathway was also shown to depend on the D. melanogaster homologue of GRIP (7-PDZ-domain glutamate-receptor binding protein), which interacts directly with the carboxy-terminal PDZ binding sequence of Frizzled-2, and which is required to traffic the receptor from the synapse to the nucleus 58 (FIG. 2) . Although in mammals GRIP also seems to be crucial for postsynaptic development of neurons in culture 61 , an association between GRIP and WNT pathways has not been as yet established in mammals. A similar mechanism involving cleavage and import has been implicated in establishing communication between the cell surface and the nucleus by several other receptors, including Notch, eGFR (epidermal growth-factor receptor) and the voltage-gated calcium channel (Ca v 1.2) [62] [63] [64] . Recently synaptic Wingless signalling was also shown to underlie activity-dependent remodelling of the NMJ 65 . Wingless secretion was enhanced by activity and this was correlated to rapid activity-dependent NMJ growth. Spaced stimulation, by potassiuminduced depolarization, motor nerve stimulation or light activation of neuronally expressed channelrhodopsin-2 (ChR2) induced the formation of dynamic filopodialike extensions (synaptopods) and ghost boutons, as well as a potentiation of spontaneous neurotransmitter release 2 hours after the stimulation began. This was blocked by low extracellular calcium and by genetic manipulations that blocked action potentials or neurotransmitter release. Live imaging of ghost boutons from live non-dissected preparations demonstrated that they could acquire GluRs and active zones, and thus represent synaptic bouton intermediates. Although ghost boutons were also observed in non-stimulated larvae, albeit at very low frequency, the activity-induced formation of ghost boutons required four to five cycles of spaced simulation and was blocked by transcriptional and translational inhibitors. This is akin to long-term behavioural and physiological plasticity, which also requires spaced training and/or stimulation and new protein synthesis 66 . Given that disrupting the Frizzled nuclear import pathway leads to poor bouton proliferation and the formation of ghost boutons, the authors speculated that this transduction pathway might be involved in the acute activity-dependent synaptic growth. Indeed, heterozygous wingless mutants suppressed Wingless secreted from presynaptic motor neuron endings, binds to Frizzled-2 and coreceptor Arrow, which are localized presynaptically and postsynaptically. In the presynaptic cell, Wingless activates a divergent canonical pathway, involving DVL (Dishevelled) activation, inhibition of gsK3β (glycogen synthase kinase 3β) activity and the regulation of the microtubule cytoskeleton through Futsch. In the postsynaptic cell, Wingless activates the Frizzled nuclear import pathway, which involves the cleavage and nuclear import of Frizzled-2. grIP (7-PDZ-domain glutamate-receptor binding protein) is required for the trafficking of receptors from the postsynaptic membrane towards the nucleus. WNT5 is also released from the presynaptic boutons and binds to its receptor Derailed (DrL) on the postsynaptic membrane to regulate synaptic bouton growth. Nature Reviews | Neuroscience the activity-dependent synaptic growth, which was rescued by restoring Wingless in motor neurons. Importantly, over-expressing Wingless in motor neurons bypassed some of the requirements for spaced stimulation in the formation of ghost boutonswhereas wild-type larvae required four to five cycles of spaced stimulations, Wingless over-expressing larvae required only three. As expected, activity also regulated the Frizzled nuclear import pathway in the muscle cell. Spaced stimulation or chronic increase in activity through the use of mutations in potassium-channel subunits, eag Sh increased Frizzled-2C in the nucleus. This increase could be prevented by decreasing wingless gene dosage in the eag Sh mutant background. Conversely, manipulations that blocked motor neuron action potentials or neurotransmitter release decreased levels of Frizzled-2C in the nucleus.
In the presynaptic compartment, WNT signalling was found to involve the regulation of GSK3β activity, as GSK3β inhibition was required in motor neurons for activitydependent synaptic growth (FIG. 2) . Whereas over-expressing GSK3β in motor neurons prevented bouton growth, expressing a GSK3β dominant-negative form bypassed activity requirements, as was observed by Wingless over-expression in motor neurons. Thus, Wingless release in an activitydependent manner activates bidirectional pathways in the presynaptic and postsynaptic cell, with a divergent canonical pathway being activated in motor neurons and presumably regulating the presynaptic cytoskeleton, and the Frizzled nuclear import pathway activated in muscles presumably to regulate the development of the postsynaptic apparatus. The bidirectional activation of alternative pathways represents a mechanism to precisely match the development of presynaptic and postsynaptic structures, a crucial process during synapse development. Whether such a bidirectional signalling mechanism could also operate at the vertebrate NMJ is still unclear.
Further evidence that Wingless activated a divergent canonical pathway in motor neurons was provided by the finding that GSK3β over-expression, like mutations in wingless, also disrupted the presynaptic microtubule cytoskeleton 67 . However, it has also been suggested that GSK3β functions through AP1 by regulating the JUN N-terminal kinase (JNK) pathway 68 . Miech et al. 67 further found that Arrow (also known as LRP5/6) and DVL but not the β-cateninhomologue Armadillo were present at the NMJ 67 . Mutations in arrow mimicked the wingless mutant phenotypes at the presynaptic terminal. However, Arrow seemed to have both presynaptic and postsynaptic functions as some phenotypes were rescued by expressing an arrow transgene in either presynaptic or postsynaptic cell. Disruption of DVL in neurons, by expressing a dominant-negative transgene mimicked the phenotypes resulting from disrupting Wingless and Arrow. However, no such effect was found on disrupting the function of the TCF homologue Pangolin or Armadillo, suggesting that presynaptic development is not regulated by the canonical pathway, but rather by the divergent canonical pathway (FIG. 2) . However, the involvement of JNK 68 , an enzyme of the planar cell polarity pathway, suggests additional complexity on the pathways involved.
besides Wingless (or WNT1), WNT5 and its atypical receptor DRL also function as positive regulators of NMJ development 69 (FIG. 2) . DRL is present at the NMJ and drl mutants have a significant reduction in synaptic bouton number. In addition, in wnt5 mutants, the density of active zones was decreased, although they remained unaffected in drl mutants, suggesting DRLindependent functions of WNT5. Functional defects in wnt5 mutants included a reduction in the amplitude of evoked excitatory junctional currents (eJCs), as well as the frequency of spontaneous miniature eJCs (meJCs) similar to the defects in gsk3β 68 . However, both inhibition and overexpression of GSK3β led to a reduction in the amplitude of eJCs. WNT5 seemed to function in part in an anterograde manner, as over-expressing WNT5 in motor neurons suppressed the drl phenotype and DRL was required in muscle for normal NMJ growth. Further, expressing WNT5 in neurons but not in muscles, rescued the reduced synaptic bouton number of the wnt5 mutant, and over-expressing WNT5 in motor neurons led to synaptic overgrowth. However, the active zone phenotype was restored either by neuronal or muscle WNT5 expression, suggesting a potential retrograde function. Thus, more than one WNT pathway can function in parallel to positively regulate synapse development. 
An inhibitory role for WNT signalling in
Caenorhabditis elegans NMJ development. In C. elegans, muscles are innervated by cholinergic (excitatory) or GAbAergic (inhibitory) inputs. The contact between the axon and the muscle is through specialized muscle projections, called muscle arms that reach out to the nerve cord and form en-passant synapses 70 . A crucial factor for proper development of the C. elegans NMJ is the transmembrane protein LeV-10, which functions in AChR clustering 71 . In addition, AChR clustering is mediated by the MUSK-related orphan receptor tyrosine kinase CAM-1 (also known as KIN-8) 72 . (FIG. 3) . Rescue experiments suggested that LIN-17, as well as DVL, but neither the β-catenins (bAR-1 and WRM-1) nor POP-1 (a lymphoid enhancer factor/TCF transcription factor), were required in the DA9 motor neuron to regulate the location of neuromuscular endings. This suggests the involvement of non-canonical WNT signalling. However, some components of non-canonical WNT signalling, such as FMI-1 (the homologue of Flamingo) or UNC-43 (the homologue of CaMKII) did not seem to be required.
WNT signalling during NMJ assembly seems to be local rather than global. This was demonstrated by shifting the distribution of Lin-44 by ectopic expression, which led to a shift of the asynaptic region within the DA9 motor neuron. The antisynaptogenic influence of Lin-44 during C. elegans NMJ development is consistent with the finding in mammalian synapses that WNT3a inhibits NMJ formation. Future studies will be required to demonstrate if, as in other systems, C. elegans WNTs also have synaptogenic functions.
Perspectives
WNTs have emerged as crucial regulators of synaptic development throughout evolution. The studies discussed in this Progress article highlight the roles of WNT signalling in various aspects of synaptic development, including the organization of presynaptic and postsynaptic components, cytoskeletal structure and gene regulation at the NMJ.
These pathways can operate in parallel in the same cell to positively regulate different aspects of synapse formation or have an antagonist effect. The versatility of WNT signalling at synapses is further supported by evidence suggesting that WNTs can serve as anterograde, retrograde and autocrine signals. Moreover, WNT secretion by nonneuronal cells may also regulate synapse development. An important future question will be to determine whether WNTs have a role during synapse elimination. Given the diversity of WNTs and their receptors, the studies described in this Progress article are likely to represent just the tip of the iceberg, and therefore additional studies will be required to gain a better understanding of the breadth of WNT function in synapse development and function.
